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During Drosophila oogenesis, spatially restricted activity of the TORPEDO receptor tyrosine kinase ®rst recruits follicle
cells adjacent to the oocyte to a posterior cell fate and then speci®es dorsal follicle cells. Another receptor tyrosine kinase,
BREATHLESS, stimulates migration of the anterior follicle cells known as border cells. Since Ras is known to mediate
many receptor tyrosine kinase effects, we have investigated the role of Ras in follicle cell fate determination, differentiation,
and migration throughout oogenesis. Early ectopic Ras activity induced transient expression of posterior follicle cell markers
in anterior follicle cells, but did not inhibit anterior differentiation. Later ectopic Ras activity inhibited anterior follicle
cell differentiation but did not induce posterior marker expression. Complete transformation of anterior follicle cells to
posterior follicle cells required early ectopic Ras activity in egg chambers where terminal differentiation of anterior cells
was inhibited. These results suggest that, in vivo as in vitro, Ras can have diverse effects on different cells, but, in addition,
Ras activity can have different effects on the same cells at different stages in their development. q 1997 Academic Press
INTRODUCTION and cell motility (Murphy et al., 1995). Egg chambers of the
Drosophila ovary form when 16 sibling germline cells, 15
nurse cells, and an oocyte, are surrounded by a monolayerThe GTPase Ras acts as a molecular switch whose activ-
of approximately 80 somatic follicle cells (Spradling, 1993;ity can cause oncogenic transformation, initiate cellular dif-
see also, Fig. 1). The follicle cells continue to divide untilferentiation, or increase cell motility, depending on the cell
there are roughly 1000 cells. They then cease cell divisionstype examined (Feig and Cooper, 1988; Kremer et al., 1991;
and become polyploid. Subsequently, follicle cells begin toLee et al., 1996). During development, Ras has been shown
change shape coordinately such that the oocyte-associatedto play a role in cell fate determination in several cases
cells, at the posterior of the egg chamber, become columnar(Beitel et al., 1990; Han and Sternberg, 1990; Simon et al.,
while more anterior cells become squamous. A further mor-1991; Lu et al., 1993; Diaz-Benjumea and Hafen, 1994).
phological rearrangement in oocyte-associated follicle cellsHowever, given the diverse effects of Ras on cultured cells
occurs in late oogenesis and depends on establishment ofof various types and the numerous cell types in an embryo,
dorsal±ventral polarity. Follicle cells become more denselyit might be expected that Ras would affect cell differentia-
packed on the dorsal side of the egg chamber and subse-tion and cell motility in addition to cell fate. Furthermore,
quently migrate anteriorly over the remaining nurse cells,as cells change their differentiation states over time, Ras
where they secrete eggshell proteins to form the dorsal res-might be expected to have multiple effects on a single cell
piratory appendages of the egg.at different times during its development.
Past studies have revealed that selective activation of theTo investigate in more detail the range of roles Ras might
TORPEDO (TOP) receptor tyrosine kinase (RTK), a Dro-play during development we have studied the effects of al-
sophila EGF receptor homolog (also known as DER), in sub-tering Ras activity at different stages in the development of
sets of follicle cells is essential for the establishment ofthe follicle cells of the Drosophila ovary, where the activi-
both anterior±posterior and dorsal±ventral polarity of theties of at least two receptor tyrosine kinases have been dem-
oocyte and the follicle cell layer (Schupbach, 1987; Gonza-onstrated to affect cell fate determination (Price et al., 1989)
lez-Reyes et al., 1995; Roth et al., 1995). TOP/DER is uni-
formly expressed in follicle cells, but selectively activated,
®rst in posterior follicle cells of early egg chambers and1 To whom correspondence should be addressed. Fax: (410)614-
8375. E-mail: denise.montell@qmail.bs.jhu.edu. then in dorsal follicle cells. This selective activation is pre-
25
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8537 / 6x21$$$181 04-08-97 18:43:53 dba
26 Lee and Montell
et al., 1993) and hs-rasN17 (a gift from Dr. Michael Simon, Stanfordsumed to be achieved by virtue of the restricted domain of
University) are transgenic ¯y strains carrying a transgene express-expression of GURKEN (GRK), a TGF-a-related protein and
ing an altered form of the Drosophila Ras1 protein under heat shockthe presumed ligand for TOP (Lehmann, 1995). GRK is lo-
promoter control.calized initially to the posterior membrane of the oocyte,
immediately adjacent to the oocyte nucleus. During stage 8,
the oocyte nucleus moves from the posterior to one anterior Heat Shock Treatment
corner of the oocyte. GRK mRNA and protein remain
Three-day-old female adult ¯ies were nurtured with wet yeasttightly associated with the oocyte nucleus so that, after
overnight, heat-shocked by submerging ¯y vials into a 377C waterstage 8, GRK is located in the dorsal anterior corner of the
bath for 20 min (unless otherwise indicated), and aged at 187C for
oocyte (Neuman-Silverberg and Schupbach, 1993). Current various periods. Then, ovaries were dissected and stained. The stage
models suggest that activation of the TOP receptor prevents of oogenesis at the time of heat shock was estimated by calculating
posterior and dorsal follicle cells from adopting their default back from the stage at the time of analysis, considering the esti-
cell fates, anterior and ventral, respectively. mated length of each stage of oogenesis (Spradling, 1993).
A second RTK, BREATHLESS (BTL), plays a different role
in egg chamber development, promoting the migration of a
b-Galactosidase Activity Stainingsmall subset of anterior follicle cells, known as border cells.
In contrast to the majority of anterior follicle cells, which b-Galactosidase activity staining was carried out in 100 ml of
take on a squamous shape and surround the nurse cells, a staining solution (10 mM NaH2PO4rH2O/Na2HPO4r2H2O(pH 7.2),
150 mM NaCl, 1.0 mM MgCl2, 3.1 mM K4(FeII(CN)6), 3.1 mM K3(FeI-group of 6±10 cells, the border cells, remains rounded at
II(CN)6), 0.3% Triton X-100) with 2.5 ml of 8% X-gal in DMF. Thethe anterior end of the egg chamber in stage 8 and migrates,
reaction was carried out at 377C for 1 hr to overnight, dependingduring stage 9, through the nurse cell cluster to the nurse
on the speci®c enhancer trap lines (Bellen et al., 1989).cell/oocyte border (Spradling, 1993). It has previously been
shown that the gene slow border cells (slbo) is essential for
terminal differentiation and migration of the border cells
RESULTSand encodes the Drosophila homolog of C/EBP, a transcrip-
tion factor (Montell et al., 1992). One target of C/EBP is the
Three Posterior Follicle Cell Enhancer Trap Linesbtl gene (Murphy et al., 1995) which encodes an FGF recep-
tor homolog. Ras activity is also known to be required for In order to monitor the effects of Ras on the differentia-
the normal migration of these cells (Lee et al., 1996). tion of posterior follicle cells, we ®rst characterized three
These observations raise several questions concerning the P-element enhancer trap lines with speci®c b-galactosidase
effects of Ras signaling on follicle cells. For example, is Ras expression in posterior follicle cells. Distinct temporal and
activity necessary and suf®cient to mediate the GRK/TOP spatial expression patterns of lacZ were observed for each
signal in posterior and then dorsal follicle cells? Further- of the three lines (Fig. 1). In PZ413, lacZ was speci®cally
more, in the absence of the GRK or TOP signals, posterior expressed ®rst in posterior follicle cells from stage 6 to stage
cells are known to differentiate as border cells (Gonzalez- 8 and then in dorsal follicle cells during stage 9. Finally, the
Reyes et al., 1995; Roth et al., 1995), raising the question expression was restricted to the follicle cells constructing
of whether a Ras signal would be suf®cient to transform dorsal appendages through stage 14. The other two P-ele-
border cells to posterior follicle cells. If true, the question ment enhancer trap lines, PZ07825 and pointedrm254
would arise as to how Ras could act in border cells to pro- (pntrm254), are homozygous lethal lines which fail to comple-
mote migration without transforming their fate. We have ment each other, indicating that they are two different al-
addressed these questions by expressing an inducible, acti- leles in the same locus, pnt. The pnt locus encodes an ETS
vated Ras protein at different times during oogenesis. Our domain transcription factor (Klambt, 1993). Several differ-
results suggest that transient Ras activity early in oogenesis ences in the lacZ expression patterns of the two pointed
is suf®cient to cause anterior follicle cells to express poste- lines were observed, implying that lacZ was expressed un-
rior follicle cell markers, but is not suf®cient to inhibit der the control of different enhancers for pointed. In
anterior follicle cell differentiation. Ras activity later in oo- PZ07825, lacZ was found to be speci®cally expressed in
genesis did inhibit anterior follicle cell differentiation, an- posterior follicle cells beginning at stage 8, while, in
tagonizing the expression and activity of the slbo gene. pntrm254, lacZ expression was detected in posterior follicle
Therefore, it appears that a sustained Ras signal is required cells beginning at stage 9. Differences in the responses of
®rst to initiate posterior follicle cell differentiation and sub- these lines to Ras signaling will be described further below.
sequently to inhibit anterior follicle cell differentiation.
Ectopic Expression of Posterior Follicle Cell
MATERIAL AND METHODS Markers in Anterior Follicle Cells in Response to
Activated RasFly Strains
In the absence of signaling through the TOP RTK, poste-PZ413, PZ07825/Tm3, pointedrm254/Tm3, and slbo1/Cyo (Mon-
tell et al., 1992) are all P-element enhancer trap lines. hs-rasQ13 (Lu rior follicle cells appear to differentiate as anterior follicle
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8537 / 6x21$$$181 04-08-97 18:43:53 dba
27Multiple Roles for Ras in Follicle Cells
FIG. 1. Expression of lacZ in developing egg chambers of three P-element enhancer trap lines. (A±C) Untreated egg chambers from the
three indicated P-element enhancer trap lines were ®xed and stained for b-galactosidase activity. (D) Ovaries from PZ07825 ¯ies carrying
the hs-rasQ13 transgene were dissected following a 20-min heat shock and incubation at 187C for 3 days. Fixed egg chambers were stained
for b-galactosidase activity. Ectopic expression of lacZ in anterior follicle cells (arrowheads) was observed in stage 7 and 8 egg chambers.
Brackets indicate posterior follicle cells. nc, o, dfc, and ofc are abbreviations for nurse cells, oocyte, dorsal follicle cells, and outer follicle
cells, respectively.
cells (Gonzalez-Reyes et al., 1995), suggesting that anterior can substitute for receptor tyrosine kinase activity in pro-
moting cell fate determination, cell differentiation, or onco-and posterior follicle cells are initially equivalent but nor-
mally take on different fates due to RTK activity in the genic transformation (Lu et al., 1993; Kremer et al., 1991;
Feig and Cooper, 1988). In the case of R7 photoreceptorposterior cells. In many instances, constitutively active Ras
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8537 / 6x21$$$181 04-08-97 18:43:53 dba
28 Lee and Montell
TABLE 1 stage 3 initiated at least some aspects of the posterior folli-
Induction of Posterior Follicle Cell Markers cle cell differentiation program, in anterior follicle cells.
in Anterior Cells by Activated Ras
Stage at analysis
Temporal Speci®city in the Ectopic Expression of
Stage at heat Stage Stage Stage Stage Stage Stage Posterior Follicle Cell Markersshock 4 5/6 7 8 9 10
It has been suggested that selective activation of the TOPStage 2
RTK in posterior follicle cells sometime prior to stage 8PZ413 / / / / 0 0
is important to posterior follicle cell differentiation. ThePZ07825 0 0 / / 0 0
pointedrm254 0 0 0 / / 0 observation that ectopic Ras signaling at stage 3 appeared
Stage 3 to induce expression of posterior cell markers, in the normal
PZ413 0 / / / 0 0 sequence, in anterior cells indicated that anterior polar folli-
PZ07825 0 0 / / 0 0 cle cells were not committed to their cell fate at this stage.
pointedrm254 0 0 0 0 / 0 To address when anterior cells become committed to their
Stage 4
cell fate, we examined the effects of inducing activated RasPZ413 X 0 / / 0 0
at many stages of egg chamber development.PZ07825 0 / / 0 0
Our observations are summarized in Table 1. Expressionpointedrm254 0 0 0 0 0
of activated Ras at stage 2 or 3 resulted in expression of allStage 5
three posterior cell markers in anterior follicle cells, at laterPZ413 X X 0 0 0 0
PZ07825 0 / 0 0 stages. In contrast, only two of the markers, PZ413 and
pointedrm254 0 0 0 0 PZ07825, were induced when Ras was expressed at stage 4.
Stage 6 By stage 5 or 6, only PZ07825 was ectopically expressed in
PZ413 X X 0 0 0 0 response to Ras. Finally, none of the markers examined was
PZ07825 0 / 0 0 induced when Ras signaling occurred at stage 7 or later.
pointedrm254 0 0 0 0
Precocious expression of lacZ in posterior cells was ob-Stage 7
served for pntrm254 and PZ413 in response to expression ofPZ413 X X X 0 0 0
activated Ras at stage 2. Taken together, these results sug-PZ07825 0 0 0
gested that anterior follicle cells became progressively lesspointedrm254 0 0 0
able to express posterior follicle cell markers and that nor-
Note./, expression of lacZ was detected in anterior follicle cells; mal Ras signaling probably occurs as early as stage 3.
0, no expression of lacZ was detected in anterior follicle cells; and
X, not determined.
Stage-Speci®c Effects of Activated Ras on Border
Cell Development
development, activated Ras is capable of inducing not only
the normal R7 cell, but also additional cells to develop as Early expression of activated Ras in anterior follicle cells
appeared to induce expression of posterior follicle cell mark-R7 cells (Fortini et al., 1992). To determine whether ectopic
Ras activity might be suf®cient to initiate posterior follicle ers. To address whether ectopic Ras activity had trans-
formed anterior cells into posterior cells, we examined thecell differentiation in anterior follicle cells, we examined
the effects of heat-shock-induced expression of activated effects of activated Ras on expression of the anterior marker
slbo and on border cell migration, an anterior cell behavior.Ras (RasQ13) on expression of posterior follicle cell markers.
After crossing hs-rasQ13 together with each of the posterior Stage-speci®c effects of increased Ras activity on expres-
sion of slbo and on border cell migration were observedfollicle cell enhancer trap lines and inducing expression of
activated Ras in adult female ¯ies, ovaries were dissected (Table 2). Increased Ras activity at stage 8 did not eliminate
expression of the slbo1 enhancer trap or C/EBP protein (notat selected time points. Stage-speci®c ectopic expression of
b-galactosidase in anterior follicle cells was observed for shown) but did inhibit initiation of border cell migration.
In contrast, increased Ras activity at stage 5 or 6 suppressedeach of the lines examined (Table 1, Fig. 1D). In all three
enhancer trap lines, Ras activity induced in stage 3 led to slbo expression and delayed border cell migration and, sur-
prisingly, outer follicle cell rearrangement (Fig. 2). Increasedectopic expression of b-galactosidase in anterior follicle
cells at a later time. Interestingly, different lag times were Ras activity at stage 4 reduced slbo expression. We noted
that the degree of reduction in slbo expression correlatedobserved for each marker, and sequential induction of the
three lines occurred in the normal temporal pattern. That with the extent of inhibition in the outer follicle cell rear-
rangement. Finally, increased Ras activity prior to stage 4is, lacZ expression was observed beginning at stage 6 for
PZ413, at stage 8 for PZ07825, and at stage 9 for pntrm254. had no effect on slbo expression or outer follicle cell rear-
rangement but did impair border cell migration.These observations suggested that ectopic RAS activity at
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TABLE 2
Effects of Activated Ras on Follicle Cells at Various Stages
Treatment
Heat shock Heat shock Heat shock Heat shock
Phenotype examined at stage 7/8 at stage 5/6 at stage 4 at stage 2/3
slbo expression Normal Undetectable Reduced Normal
Outer follicle cell rearrangment Normal Inhibited Inhibited Normal
Border cell migration Delayed Delayed Delayed Delayed
pointed expression Undetectable Undetectable Undetectable Normal
Note. Female ¯ies were heat shocked for 20 min and then incubated for 24, 40, 56, or 72 hr at 187C. Late stage 9 egg chambers were
examined for the indicated phenotypes.
Transformation of Anterior Follicle Cells into RAS and C/EBP Play Antagonizing Roles in
Terminal Differentiation of Border CellsPosterior Follicle Cells Required Suppression of
Anterior Cell Differentiation in Addition to Early Increasing Ras activity at early stage 8 inhibits initiation
Ras Signaling of border cell migration, and yet Ras activity is required in
migrating border cells (Lee et al., 1996). Since increased RasAlthough ectopic Ras activity in anterior follicle cells
at stage 3 was suf®cient to initiate posterior cell marker activity at stage 8 did not affect expression of slbo in ante-
rior cells, two alternative models were considered to explainexpression, the expression was transient, as PZ07825 ex-
pression was no longer detected at stage 9 (Fig. 1). Further- why increased Ras activity at early stage 8 inhibited initia-
tion of border cell migration. One model is that high Rasmore, anterior differentiation (slbo expression and cell mi-
gration) was not suppressed. Conversely, Ras expression at activity inhibits migration by antagonizing the C/EBP-me-
diated terminal differentiation of border cells; an alternativestage 5 suppressed anterior cell differentiation, but only in-
duced a subset of posterior cell markers. Therefore expres- model is that low RAS activity is indispensable to the initia-
tion of border cell migration, for example, to allow releasesion of Ras did not appear to be suf®cient to completely
transform anterior cells into posterior cells at either stage. of cell contacts.
One prediction from the ®rst model is that the balanceTransformation of anterior cells to posterior cells did oc-
cur when transient Ras activity was induced in a slbo mu- between Ras activity and C/EBP activity is important for
proper terminal differentiation of border cells. Therefore,tant background. In this experiment, pointed expression in
anterior cells persisted throughout oogenesis, no sign of cell increased C/EBP activity might be able to rescue the migra-
tion defect resulting from increased Ras activity. Con-migration was observed and the outer follicle cell rearrange-
ment was inhibited (Fig. 3). versely, decreased Ras activity might rescue the migration
FIG. 2. Suppression of slbo expression and outer follicle cell rearrangement by increased Ras activity at stage 5. Female ¯ies carrying
the hs-rasQ13 transgene in the slbo1 heterozygous background were dissected without any heat shock (A) or following a 20-min heat shock
and 2 days of incubation at 187C (B). Their ovaries were ®xed and stained for b-galactosidase activity. Light arrowheads indicate border
cells and dark arrowheads indicate the extent of outer follicle cell rearrangement in the untreated egg chamber.
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8537 / 6x21$$$181 04-08-97 18:43:53 dba
30 Lee and Montell
FIG. 3. Transformation of anterior follicle cells into posterior follicle cells by increased Ras activity at stage 3 in the slbo mutant
background. Female ¯ies with genotypes indicated in A and B were dissected after a 20-min heat shock and incubation at 187C for 3 days.
Their ovaries were ®xed and stained for b-galactosidase activity. Ectopic expression of lacZ (light arrowhead) persisted in anterior follicle
cells of slboLY6/slboe7b mutant egg chambers. Note that these alleles, unlike slbo1, are not enhancer trap insertions and therefore do not
direct lacZ expression from the slbo locus. In addition, no outer follicle cell rearrangement (dark arrowheads) was observed in RasQ13-
treated, slbo mutant egg chambers.
defect in slbo mutant egg chambers. Previously, we noted of posterior cell markers in response to earlier Ras activity,
ectopic expression of the dorsal follicle cell marker alwaysthat reduced Ras activity at stage 8 rescued the border cell
migration defects in about 70% of slbo1 mutant egg cham- persisted through the rest of egg chamber development, sug-
gesting that high Ras activity had stably altered follicle cellbers (Lee et al., 1996). We found that an additional copy of
slbo, expressed using the GAL4-UAS system, was able to differentiation. Furthermore, the egg chambers that resulted
from this treatment appeared overtly dorsalized, with dorsalrescue the border cell migration defect in hs-rasQ13 egg
chambers (Fig. 4), indicating that increased C/EBP expres- appendage material secreted around the entire anterior cir-
cumference of the egg (not shown). Thus, as expected, acti-sion counteracted increased Ras activity. Thus, low Ras
activity per se was not essential to initiate migration; vated Ras produced effects similar to those described for
activated Raf.rather, Ras and C/EBP appeared to antagonize each other in
terminal differentiation of border cells.
DISCUSSION
Roles of Ras Signaling in Posterior Follicle CellRole of RAS Signaling in Specifying Dorsal Follicle
DifferentiationCells
Our results suggest two distinct roles for Ras in posteriorPrevious studies have shown a requirement for Ras in
cell differentiation: (1) initial Ras activity at stage 3 turnsdorsal±ventral patterning. Females with hypomorphic mu-
on posterior cell differentiation and (2) persistent Ras activ-tations at the Ras1 locus have recently been found to pro-
ity later is required to suppress anterior cell differentiation.duce eggs with ventralized eggshells (Schnorr and Berg, per-
Therefore, one would predict that sustained Ras activitysonal communication). In addition, mutations in the RAS-
would be suf®cient to transform anterior follicle cells toinactivating protein, GAP1, dorsalize the eggshell and mu-
posterior follicle cells. We were not able to test this predic-tations in the RAS exchange factor, SOS, ventralize the egg-
tion because activated Ras under UAS promoter control wasshell (Brand and Perrimon, 1994). Activated Raf can also
lethal in combination with every follicle cell GAL4 line wedorsalize the eggshell (Brand and Perrimon, 1994).
tested, and repeated heat shocks of the hs-RasQ13 ¯ies causedWe investigated whether ectopic Ras activity would be
extensive egg chamber degeneration. However, the observa-suf®cient to transform ventral follicle cell fates. In response
tion that activated Ras did transform anterior cell fate into Ras activity, stage-speci®c patterns of ectopic PZ413 ex-
a slbo mutant background, as discussed further below, ispression were observed (Fig. 5). Increased Ras activity at
consistent with this model.stage 8 led to ectopic expression in all oocyte-associated
follicle cells. In contrast, when activated Ras was expressed
Roles of Ras Signaling in Border Celllater, ectopic expression was gradually restricted to the an-
Differentiationterior one half of oocyte-associated follicle cells. Finally, no
ectopic expression was observed in response to increased In the border cells, we found that Ras activity produced
different effects at different stages in their development.Ras activity after stage 10A. Unlike the transient induction
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FIG. 4. Antagonizing effects of Ras and C/EBP on border cell migration. Female ¯ies of the genotypes indicated in A±D were dissected
after a 20-min heat shock incubation at 187C for 24 hr. Their ovaries were ®xed and stained for b-galactosidase activity. Late stage 9 egg
chambers containing stained border cells (arrowheads) were examined.
Ectopic Ras activity prior to stage 6 of oogenesis impaired border cells (Lee et al., 1996). The observation that Ras
activity can inhibit border cell migration in stage 8 but, aborder cell migration, due at least in part to effects on cell
fate. We found that cells that expressed both pointed and few hours later, promote migration in the same cells dem-
onstrates that Ras activity can elicit different biological re-slbo usually initiated migration but did so later than normal
border cells. This result indicates that Ras signaling proba- sponses in developing cells as their differentiation status
changes.bly does not normally occur in anterior follicle cells before
stage 6. After stage 7, increased Ras activity had no detect-
able effect on slbo expression, nor did it induce pointed
A Role for Anterior Cell Differentiation in Outerexpression in anterior follicle cells, therefore it is possible
Follicle Cell Rearrangementthat there is normally Ras activity in the border cells at
this stage. Consistent with this hypothesis, expression of a Our results suggest an unexpected role for anterior cells
in initiation of the outer follicle cell rearrangement. Outerdominant-negative form of Ras in the border cells at stage
7 causes precocious initiation of border cell migration (Lee follicle cell rearrangement starts with coordinate changes
in cell shape at stage 8. During stage 9, follicle cells coveringet al., 1996). At stage 8, increased Ras activity inhibited
border cell migration, an inhibition that could be rescued the nurse cells gradually ¯atten, and, simultaneously, most
follicle cells undergo movement from anterior to posteriorby increased expression of slbo. Therefore, it does not ap-
pear that low Ras activity per se is required for initiation and ®nally form a columnar epithelium in contact with
the oocyte. Little is known about the mechanism of outerof border cell migration, but rather that the balance between
the differentiation-inhibiting effects of Ras and the differen- follicle rearrangement. Two observations suggest that outer
follicle cell rearrangement is independent of the establish-tiation-promoting effects of C/EBP is important to the
proper differentiation of border cells and the timing of their ment of anterior±posterior polarity or differentiation of pos-
terior follicle cells. In mutant egg chambers lacking Drafmigration. In stage 9, Ras activity is required in migrating
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FIG. 5. Stage-speci®c ectopic expression of PZ413 following expression of activated Ras. Female PZ413 ¯ies carrying the hs-rasQ13
transgene were dissected without heat shock (A) or 8 hr after a 20-min heat shock (B). Their ovaries were ®xed and stained for b-
galactosidase activity.
activity, outer follicle cell rearrangement takes place de- One possibility is that border cell differentiation is only
partially disrupted in slbo mutants (this is clearly the casespite the abnormal lateral position of the oocyte and the
failure of posterior cell differentiation (Lee et al., 1996). In since border cells can still be readily distinguished morpho-
logically in slbo mutants). Alternatively, since activatedthese chambers, two groups of follicle cells develop into
border cells, and squamous cells form on either side of each Ras was expressed using a heat shock promoter, some kind
of change in the fate or differentiation of the outer folliclecluster. In addition, in grk mutant egg chambers, a few squa-
mous cells form at the posterior, even in the absence of cells may have contributed to the inhibition of their rear-
rangement. However, it seems likely that the effect wasnurse cells (Gonzalez-Reyes et al., 1995; Roth et al., 1995).
Interestingly, oocyte-associated follicle cells always become due, at least in part, to the failure in border cell differentia-
tion, since the rearrangement was only inhibited when slbocolumnar, no matter where the oocyte forms. One model
to explain these observations is that initiation of outer folli- expression was reduced and slbo expression is border cell
speci®c at this stage. We tried to distinguish these possibili-cle cell rearrangement depends upon induction of squamous
cells and that this cell type depends on proper differentia- ties by expressing activated Ras speci®cally in border cells
using the GAL4-UAS system, however, as mentioned pre-tion of anterior polar follicle cells. Outer follicle cell rear-
rangement may be driven in part by the ¯attening of ante- viously, activated Ras was lethal in combination with every
GAL4 line we tried.rior follicle cells. In addition, it is likely that some interac-
tion between the oocyte and outer follicle cells prevents
the squamous shape or induces the columnar shape, re- Progressive Patterning in Oocyte-Associatedstricting the squamous change to follicle cells on the surface
Follicle Cellsof nurse cells. In this study, we found that outer follicle
cell rearrangement was impaired when border cell fate was After outer follicle cell rearrangement, further patterning
of oocyte-associated follicle cells is important for dorsal±suppressed. In particular, the observation that increased Ras
activity at stage 3 only inhibited the outer follicle cell rear- ventral polarization of egg chambers. We found that, be-
tween stages 8 and 10, oocyte-associated follicle cells gradu-rangement in the slbo mutant background supports the hy-
pothesis that this rearrangement is initiated by properly ally lost the ability to express the PZ413 dorsal cell marker
in response to RAS activity. This observation indicated thatdifferentiated border cells. There are at least two possible
explanations for why outer follicle cell rearrangement is not selective activation of Ras in the anterior portion of dorsal
follicle cells normally occurs sometime between stage 8inhibited in slbo mutants unless activated Ras is expressed.
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8537 / 6x21$$$181 04-08-97 18:43:53 dba
33Multiple Roles for Ras in Follicle Cells
Kremer, N., D'Arcangelo, G., Thomas, S., DeMarco, M., Brugge, J.,and 10B, consistent with the current view that Grk±Top
and Halegous, S. (1991). Signal transduction by nerve growthsignaling occurs during these stages. With progressive pat-
factor and ®broblast growth factor in PC12 cells requires a se-terning, oocyte-associated follicle cells gradually become
quence of src and ras actions. J. Cell Biol. 115, 809±819.refractory to Ras signaling, a further indication of the chang-
Lee, T., Feig, L., and Montell, D. J. (1996). Two distinct roles foring responsiveness of cells to Ras during development.
Ras in a developmentally regulated cell migration. Development
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